The natural abundance of stable nitrogen (N) isotope (δ 15 N) in plants and soils can reflect N cycling processes in ecosystems. However, we still do not fully understand patterns of plant and soil δ 15 N at alpine treelines and shrublines in different climate zones. We measured δ 15 N and N concentration in leaves of trees and shrubs and also in soils along elevational gradients from lower altitudes to the upper limits of treelines and shrublines in subtropical, dry-and wet-temperate regions in China. The patterns of leaf δ 15 N in trees and shrubs in response to altitude changes were consistent, with lower values occurring at higher altitude in all three climate zones, but such patterns did not exist for leaf ∆δ 15 N and soil δ 15 N. Average δ 15 N values of leaves (−1.2% ) and soils (5.6% ) in the subtropical region were significantly higher than those in the two temperate regions (−3.4% and 3.2% , respectively). Significant higher δ 15 N values in subtro4pical forest compared with temperate forests prove that N cycles are more open in warm regions. The different responses of leaf and soil δ 15 N to altitude indicate complex mechanisms of soil biogeochemical process and N sources uptake with environmental variations.
Introduction
Variation in natural abundance of the stable isotope 15 N (δ 15 N) in plants and soils can reflect N cycling in ecosystems [1] because it is related to the isotope compositions of N inputs and outputs and the internal N transformations [2] . Moreover, δ 15 N can reflect the degree of the 'openness' of the N cycles, with higher values indicating greater N losses and a more open N cycling [3, 4] . Thus, assessing patterns of δ 15 N may help understand the process of N cycling in ecosystems [1, 5] .
Many studies have examined the variations of spatial patterns of δ 15 N in plants and soils [6] [7] [8] [9] and showed correlations of δ 15 N and environmental factors. Elevation appears to be a major influence on leaf and soil δ 15 N due to its natural environmental variations, such as soil water and temperature. At lower elevations where temperature tends to be higher, δ 15 N values are likely to be higher [10, 11] . Since litter decomposition and N mineralization can be accelerated by a direct increase in temperature at lower elevations [12] . However, an increasing trend or no change of δ 15 N with elevational gradients has also been observed in some regions [4, 13] . This is because not only the local microclimate but the primary physiological and biogeochemical processes regulate the N transformations in soils [2] . The soil processes including N mineralization, nitrification, denitrification and NH 3 volatilization all discriminate against 15 N and lead to different leaf and soil δ 15 N signatures [7] . In addition, mycorrhizal fungi types and various N uptake sources can influence leaf δ 15 N signatures [14] [15] [16] . Therefore, the mechanisms of elevational response for δ 15 N could be complex.
In particular, at high elevations in alpine ecosystems, where are expected to be active in N dynamics with the increasing global warming [17] . The distributions of plant species on alpine ecosystems are constrained by upper altitude limits, resulting in markedly boundaries such as treelines and shrublines [18, 19] . Although temperature has been suggested as a primary driver underlying the formation of such boundaries [20] , low soil nutrient availability may also be responsible for reduced growth of trees and shrubs at their upper limits [21] . A recent study found that the growth of trees and shrubs in an alpine ecosystem increased with slightly increased nutrient availability [22] , which in turn suggesting the potential increasing nutrient dynamics with the expansion of trees or shrubs. Thus, understanding changes of N cycling at alpine ecosystems is particularly important as both alpine treelines and shrublines may shift in the face of global climate change [23] [24] [25] . The signature of δ 15 N at alpine ecosystems could serve as a powerful signal for potential effects of climate change on N cycling. For instance, experimental warming increased foliar δ 15 N in the Swiss Alps [26] , indicating an opening of N cycles with climate warming. However, we still do not fully understand the patterns of δ 15 N in plants and soils at high altitudes of alpine ecosystems and whether plant and soil δ 15 N at alpine treelines and shrublines show similar patterns.
We sampled leaves of trees and shrubs and soils at the upper limits of alpine treelines and shrublines and the lower altitudes in three different climate zones (subtropical, dry-temperate and wet-temperate) and measured their δ 15 N values. Specifically, we address the following questions: (1) Do leaf and soil δ 15 N patterns change with climatic zones? We hypothesized that leaf and soil δ 15 N values are higher in subtropical zones than in temperate zones as temperature is higher and available N is richer in subtropical forests than in temperate forests. (2) Do leaf and soil δ 15 N vary with altitude? We hypothesized that leaf and soil δ 15 N would decrease with altitude as temperature decreases with increasing altitude. (3) Do leaf δ 15 N values of trees and shrubs respond differently to changing altitude? We hypothesized that the response of leaf δ 15 N to altitude was similar in trees and shrubs as the distribution of trees and shrubs are both restrained to the cold temperature.
Materials and Methods

Site Description and Sample Collection
The study sites were three mountains in China (Balang Mts., Qilian Mts. and Changbai Mts.), located in three climate zones (summarized in In this study, the alpine treelines and shrublines were defined as the upper limits of individuals without visible disturbance and suppression. For Balang Mts., the treeline species was Abies faxoniana Rehder & E.H.Wilson and the shrubline species was Quercus aquifolioides Rehd. et Wils., and the altitude ranged from 2840 to 3670 m asl., (Table 1) . For Qilian Mts., the treeline species was Picea crassifolia Kom. and the shrubline species was Salix gilashanica C. Wang, P.Y. Fu, and the altitude ranged from 2540 to 3540 m ( Table 1 ). For Changbai Mts., the treeline species was Betula ermanii Cham. and the shrubline species was Vaccinium uliginosum Linn., and the altitude ranged from 1430 to 2380 m ( Table 1 ). The soil was classified as Umbric Cryic Cambisols on Balang Mts., Calcaric Ustic Cambisols on Qilian Mts. and Andic Gelic Cambisols on Changbai Mts. [30] .
At each site, leaf samples from the treeline and shrubline species were collected at three altitudes, i.e., the upper limit, the middle altitude and the lower altitude. At each altitude, soils (0-10 cm depth) under the canopy of the sampled trees or shrubs were collected after removing the layer of soil organic matter. They passed through a 2 mm sieve to remove stones and plant residues. At each altitude from each site, leaf samples were collected from six trees or shrubs, and a composite soil sample was collected from three randomly locations around corresponding trees or shrubs selected.
Chemical Analysis
Samples of leaves were ground into a fine powder after being oven-dried at 65 °C for 48 h, and then stored for the measurement of 15 N values and N concentration. For each soil sample, a fresh subsample was used for testing soil inorganic N (IN, NO3 − + NH4 + ), and the remaining part was air dried and then milled to powder for the measurement of soil organic carbon (SOC), total carbon (TC), total N (TN) and 15 In this study, the alpine treelines and shrublines were defined as the upper limits of individuals without visible disturbance and suppression. For Balang Mts., the treeline species was Abies faxoniana Rehder & E.H.Wilson and the shrubline species was Quercus aquifolioides Rehd. et Wils., and the altitude ranged from 2840 to 3670 m asl., (Table 1) . For Qilian Mts., the treeline species was Picea crassifolia Kom. and the shrubline species was Salix gilashanica C. Wang, P.Y. Fu, and the altitude ranged from 2540 to 3540 m (Table 1) . For Changbai Mts., the treeline species was Betula ermanii Cham. and the shrubline species was Vaccinium uliginosum Linn., and the altitude ranged from 1430 to 2380 m ( Table 1) . The soil was classified as Umbric Cryic Cambisols on Balang Mts., Calcaric Ustic Cambisols on Qilian Mts. and Andic Gelic Cambisols on Changbai Mts. [30] .
Samples of leaves were ground into a fine powder after being oven-dried at 65 • C for 48 h, and then stored for the measurement of 15 N values and N concentration. For each soil sample, a fresh subsample was used for testing soil inorganic N (IN, NO3 − + NH4 + ), and the remaining part was air dried and then milled to powder for the measurement of soil organic carbon (SOC), total carbon (TC), total N (TN) and 15 N abundance.
The 15 N abundance in leaves and soils, and concentrations of leaf N, soil TN and soil TC were analyzed in an elemental analyzer (Elementar Vario MICRO cube, Hanau, Germany) coupled with a stable isotope ratio mass spectrometer (Isoprime 100, Stockport, UK). Calibrated 
where R sample is the 15 N/ 14 N ratio of the sample and R standard is the 15 N/ 14 N ratio of the atmospheric N 2 [31] . Precision of duplicate measurements was <0.2%. The soil IN was determined colorimetrically using an Auto Continuous Flow Analyzer (Bran and Luebbe, Norderstedt, Germany) after exacting fresh soil samples in 1 M KCL. For subtropical and wet temperate mountain zones, SOC was determined on ground soils using an elemental analyzer (Vario MACRO Cube, Elementar, Germany). For the dry temperate mountain, the ground soil samples were treated with 12 M HCl to remove inorganic C before organic C determination on the elemental analyzer [32] . Soil pH was determined in a 1:5 (soil:water) solution (w/v).
Statistical Analyses
The normality of the distribution and the homogeneity of the data were checked (Kolmogorov-Smirnov test) before statistical analyses. We used a three-way ANOVA to test the effects of life form (trees vs. shrubs), altitude (upper, middle and lower) and climatic zone (Balang Mts., Qilian Mts. and Changbai Mts.) on leaf and soil δ 15 N, leaf ∆δ 15 N (calculated as δ 15 N leaf − δ 15 N soil ), leaf N, soil inorganic N, soil total N and soil C:N. Multiple comparisons of means were conducted with Duncan's significant difference to test the different responses between altitudes. The correlations between variables were investigated with Pearson's correlation coefficient. All statistical analyses were performed using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA).
Results
δ 15 N in Leaves and Soils
δ 15 N values varied significantly in different climate zones (sites; Table 2 ). Altitude and life form had significant effects on δ 15 N in leaves and soils ( Table 2 ). The two-and three-way interactions among variables also significantly influenced the δ 15 N in leaves and soils ( Table 2 ). Leaf δ 15 N values of both trees and shrubs were lower at the upper limits than at lower altitudes in all three climate zones ( Table 2 , Figure 2a -c). There was no significant difference for leaf δ 15 N between trees and shrubs in subtropical and dry-temperate forests, but leaf δ 15 N of shrub (−1.3% ) was significantly higher than that of tree (−4.2% ) in wet-temperate forest (Table 2, Figure 2c ). Leaf δ 15 N was significantly different among climate zones (p < 0.05, Figure 2a -c), with that average δ 15 N values of leaves in dry-temperate (−4.2% ) were lower than those in subtropical (−1.2% ) and wet-temperate (−2.8% ), but there was no difference of leaf δ 15 N between subtropical and wet-temperate forest (Figure 2a -c). The increasing altitude significantly decreased the value of soil δ 15 N in subtropical forest but had no effect on that in wet-temperate forest ( Table 2 , Figure 2d -f). Soil δ 15 N under the tree canopy decreased, however soil δ 15 N under shrub canopy increased, with increasing altitude in dry-temperate forest because of the significant interaction between life form and altitude (Table 2, Figure 2e ). In wet-temperate forest, soil δ 15 N was significantly higher under shrub canopy than under tree canopy (Table 2, Figure 2f ). The soil δ 15 N in subtropical forest (5.6‰) was higher than those in dry-temperate (3.6‰) and wet-temperate forests (2.9‰) and there was no difference for soil δ 15 N between dry-and wet-temperate forests (Figure 2d-f ).
Altitude had a significant effect on leaf Δδ 15 N values (i.e., the difference of leaf δ 15 N and soil δ 15 N), however, this effect was changed by site and life form due to the significant two-way and three-way interactions ( Table 2) . For example, leaf Δδ 15 N values for shrubs were lower at the upper limits than at lower elevations, whereas Δδ 15 N values for trees tended to be higher at the upper The increasing altitude significantly decreased the value of soil δ 15 N in subtropical forest but had no effect on that in wet-temperate forest ( Table 2 , Figure 2d -f). Soil δ 15 N under the tree canopy decreased, however soil δ 15 N under shrub canopy increased, with increasing altitude in dry-temperate forest because of the significant interaction between life form and altitude (Table 2, Figure 2e ). In wet-temperate forest, soil δ 15 N was significantly higher under shrub canopy than under tree canopy (Table 2, Figure 2f ). The soil δ 15 N in subtropical forest (5.6% ) was higher than those in dry-temperate (3.6% ) and wet-temperate forests (2.9% ) and there was no difference for soil δ 15 N between dry-and wet-temperate forests (Figure 2d-f ).
Altitude had a significant effect on leaf ∆δ 15 N values (i.e., the difference of leaf δ 15 N and soil δ 15 N), however, this effect was changed by site and life form due to the significant two-way and three-way interactions ( Table 2) . For example, leaf ∆δ 15 N values for shrubs were lower at the upper limits than at lower elevations, whereas ∆δ 15 N values for trees tended to be higher at the upper limits in dry-temperate forest (Figure 2h ). No significant difference for leaf ∆δ 15 N values of trees and shrubs was found between the upper limits and lower elevations in subtropical forest, but leaf ∆δ 15 N values for trees tended to be higher than those for shrubs in the subtropical forest (Figure 2g ). Leaf ∆δ 15 N values were all negative for all trees and shrubs across the climate zones (Figure 2g -i).
N Concentrations in Leaves and Soils and Soil C:N Ratios
N concentrations in leaves varied in different climate zones ( Table 2 ). Altitude had the significant effect on leaf N for dry-and wet-temperate forests but had no effect on that for subtropical forest (Table 2, Figure 3 ). Leaf N concentrations of shrubs were significantly higher than those of trees in both dry-and wet-temperate forests (Figure 3b-c) . Average leaf N in wet-temperate forest was among the highest, and followed by dry-temperate forest and then subtropical had the least leaf N (Figure 3 ). limits in dry-temperate forest (Figure 2h ). No significant difference for leaf Δδ 15 N values of trees and shrubs was found between the upper limits and lower elevations in subtropical forest, but leaf Δδ 15 N values for trees tended to be higher than those for shrubs in the subtropical forest (Figure 2g ). Leaf Δδ 15 N values were all negative for all trees and shrubs across the climate zones (Figure 2g -i).
N concentrations in leaves varied in different climate zones ( Table 2) . Altitude had the significant effect on leaf N for dry-and wet-temperate forests but had no effect on that for subtropical forest (Table 2, Figure 3 ). Leaf N concentrations of shrubs were significantly higher than those of trees in both dry-and wet-temperate forests (Figure 3b-c) . Average leaf N in wet-temperate forest was among the highest, and followed by dry-temperate forest and then subtropical had the least leaf N (Figure 3 ). Different climate zones had different soil total inorganic N (IN) and TN concentrations and soil C:N ratios ( Table 2 ). There were significant two-way interactions of site and life form and three-way interactions of site, altitude and life form ( Table 2 ). The response of soil available N to altitude was more sensitive in subtropical and dry-temperate forests than in wet-temperate where soil IN showed no change with increasing altitude (Figure 4a-c) . Soil IN under tree canopy decreased but those under shrub canopy increased with increasing altitude in subtropical and dry-temperate forests, except that IN under shrub canopy in dry-temperate forest stabilized with increasing altitude (Figure 4a,b) . The increasing altitude decreased soil TN under tree canopy but increased soil TN under shrub canopy in subtropical forest (Figure 4d ). The increasing altitude increased soil TN under tree canopy but had no effect on soil TN under shrub canopy in dry-temperate forest, which was opposite in wet-temperate forest (Table 2, Figure 4e , f). Soil IN was lower but soil TN was higher in dry-temperate forest than those in subtropical and wet-temperate forests (p < 0.05, Figure 4 ). The Different climate zones had different soil total inorganic N (IN) and TN concentrations and soil C:N ratios ( Table 2 ). There were significant two-way interactions of site and life form and three-way interactions of site, altitude and life form ( Table 2 ). The response of soil available N to altitude was more sensitive in subtropical and dry-temperate forests than in wet-temperate where soil IN showed no change with increasing altitude (Figure 4a-c) . Soil IN under tree canopy decreased but those under shrub canopy increased with increasing altitude in subtropical and dry-temperate forests, except that IN under shrub canopy in dry-temperate forest stabilized with increasing altitude (Figure 4a,b) . The increasing altitude decreased soil TN under tree canopy but increased soil TN under shrub canopy in subtropical forest (Figure 4d ). The increasing altitude increased soil TN under tree canopy but had no effect on soil TN under shrub canopy in dry-temperate forest, which was opposite in wet-temperate forest ( Table 2 , Figure 4e , f). Soil IN was lower but soil TN was higher in dry-temperate forest than those in subtropical and wet-temperate forests (p < 0.05, Figure 4) . The soil C:N ratio under tree canopy increased but that under shrub canopy decreased with increasing altitude (Table 2; Figure 4h ,i). Soil C:N ratio in wet-temperate forest (17) was the highest, followed by dry-temperate forest (15) and then subtropical forest (13; p < 0.05, Figure 4g soil C:N ratio under tree canopy increased but that under shrub canopy decreased with increasing altitude (Table 2 ; Figure 4h ,i). Soil C:N ratio in wet-temperate forest (17) was the highest, followed by dry-temperate forest (15) and then subtropical forest (13; p < 0.05, Figure 4g 
Correlations between δ 15 N and Parameters in Leaves and Soils
Across all sampling mountains and plant types, both leaf δ 15 N and soil δ 15 N were negatively correlated with SOC and soil TN (Figure 5b -c); leaf δ 15 N was negatively affected by pH (Figure 5a) , however, soil δ 15 N was negatively related to soil C:N (Figure 5d ). Both leaf δ 15 N and soil δ 15 N were significantly correlated with leaf N in wet-temperate mountain forest (Table 3) . Soil IN had a positive effect on leaf δ 15 N and soil δ 15 N in dry-temperate mountain forest (Table 3 ). 
Across all sampling mountains and plant types, both leaf δ 15 N and soil δ 15 N were negatively correlated with SOC and soil TN (Figure 5b -c); leaf δ 15 N was negatively affected by pH (Figure 5a) , however, soil δ 15 N was negatively related to soil C:N (Figure 5d ). Both leaf δ 15 N and soil δ 15 N were significantly correlated with leaf N in wet-temperate mountain forest (Table 3) . Soil IN had a positive effect on leaf δ 15 N and soil δ 15 N in dry-temperate mountain forest (Table 3) . 
Discussion
The δ 15 N and N in Different Climate Zones
The average δ 15 N values in leaves and soils for subtropical forest was higher than the averages for both dry-and wet-temperate forests (Figure 2 , p < 0.05). This finding is opposite to the synthesis of leaf δ 15 N values in eastern Asian forests conducted by Fang et al. [33] , in which no difference of leaf δ 15 N values was found among tropical, subtropical and temperate forests. The opposite results may be due to the differences of the site size and species selected, since we only selected one mountain and two species in each climate zone. However, our result is consistent with the global compilation of Martinelli et al. [34] , in which average leaf δ 15 N and soil δ 15 N values in tropical forests were respectively 6.5% and 8% higher than those in temperate forests. Similarly, another two global compilations have found the positive correlations of leaf and soil δ 15 N with increasing MAT gradients when MAT was more than −0.5 • C and 9.8 • C, respectively [11, 35] .
The higher mean annual temperature in subtropical mountain forest might contribute to higher leaf δ 15 N and soil δ 15 N ( Table 1 ). Since temperature has been suggested to be a critical factor to regulate the δ 15 N by influencing the processes of soil mineralization, nitrification and denitrification [17, 26] . These processes all fractionate nitrogen, in which more 15 N-depleted nitrogen can lose and consequently the nitrogen remaining is 15 N-enriched [2] . Previous studies also suggested that the δ 15 N was related to soil N [36] because higher soil N concentrations can accelerate the rates of microbial N transformations [37] , which probably resulted in greater potential for losses of 14 N and therefore higher 15 N retention in leaves and soils [36] . Subtropical forest has been suggested to have more available N in soils [34] , however, both soil available N and total N in the subtropical forest in our study were not higher, and we even found the negative relationship between δ 15 N and soil TN across the climate zones (Figure 5c ), indicating that soil N is not the main cause for the higher δ 15 N. In addition, δ 15 N has also suggested to be associated with N sources [2] . Atmospheric N deposition are the main sources for both plant and soil N pools. From the review of N deposition in China by Liu et al. [38] , subtropical forest had a higher N deposition than temperate forest, which might cause plant δ 15 N depletion because the deposited N is usually 15 N-depleted [39, 40] . Therefore, more atmospheric N should lead to 15 N more depleted in leaves and soils. However, enhanced N deposition could also increase the soil N availability, which may further stimulate soil N biogeochemical process and thereafter lead to more enriched 15 N in soils.
Variation of δ 15 N and N Along the Altitude
Although the relationship of leaf δ 15 N and altitude was not linear in all the three climate zones, we found that leaf δ 15 N of both trees and shrubs was consistently lower at the upper limit than at lower altitude. Unlike the patterns of leaf δ 15 N along the altitude, the response of leaf ∆δ 15 N and soil δ 15 N to altitude was climate zone-depended, showing no consistent trend for the three climate zones. Previous studies have observed a significant relationship between δ 15 N and altitude. For example, Sah and Brume [41] found leaf δ 15 N of Pinus roxburghii was negatively correlated with altitude (ranging from 1200 to 2200 m a.s.l.) in a pine forest in Nepal. Similarly, leaf δ 15 N was more negative at higher altitude, which has been observed in Gongga Mountain in southwest China, ranging from 1100 to 4900 m a.s.l. [42] . However, leaf δ 15 N decreased with altitude from 400 to 1350 m a.s.l. and then increased above 1350 m a.s.l. in Dongling mountain [43] . The previous study of Vitousek et al. [4] also found that there was no relationship between leaf δ 15 N and altitude.
The altitudes in the present study ranged from 2840 to 3670 m a.s.l., 2540 to 3550 m a.s.l. and 1430 to 2380 m a.s.l. in subtropical, dry-temperate and wet-temperate mountain forests, respectively ( Table 1 ). The lower leaf δ 15 N at higher altitude might be attributed to decreased temperature induced by high altitude because cold temperature could weaken the activity of soil microbes and thereafter reduce the N uptake for plants and soil N loss from ammonia volatilization and other gas N losses (such as N 2 O, NO), and thereby more 14 N-enriched retains in soils [41] . However, the response of leaf ∆δ 15 N values to elevation was inconsistent in three climate zones. The negative ∆δ 15 N values for all trees and shrubs indicated the mineral N uptake during 15 N discrimination processes, and different plants discriminate against 15 N via associations with mycorrhizal fungus, which deliver 15 N-depleted N to plants [14, 44] . For soil δ 15 N along the altitude, however, not only temperature but also other factors tended to have effect on soil δ 15 N in our study areas (Figure 2f ). In general, soil δ 15 N could index long-term dynamics of N cycling, and other factors, such as, soil pH, SOC and soil C:N ratio, might co-regulate soil δ 15 N (Table 3, Figure 5 ).
Variation of δ 15 N and N between Life Forms
Across the climate zones, leaf δ 15 N of both shrubs and trees were more depleted at the upper limits than at lower altitudes. This result indicates that in spite of different species, the depleted δ 15 N at higher altitude might be a general pattern.
However, the values of δ 15 N varied between life forms in our study, especially the significant difference of δ 15 N between shrub and tree in wet-temperate mountain forest. Different δ 15 N values indicated different use of N sources in the same regions. The shrub Vaccinium uliginosum is a typical ericoid mycorrhizal plant, which could be more depleted in 15 N [11,15,45] . Since ericoid plants have been considered to be more reliant on mycorrhizal fungi and thereafter obtained more depleted 15 N [46] . However, Vaccinium uliginosum was more enriched than Betula ermanii (ectomycorrhizal plant) in wet-temperate forest and even other plants (ectomycorrhizal plants or arbuscular mycorrhizal plants) selected in both subtropical and dry-temperate forest in the present study. This is consistent with the study of δ 15 N among life forms conducted by Schulze et al. [47] , in which Vaccinium was more enriched than other plants at the northern treeline of Alaska. The authors attributed it to more organic N (normally 15 N enriched) uptake by ericoid mycorrhizae. In addition, leaf δ 15 N in trees were not more enriched than in shrubs at their corresponding upper limits (i.e., treeline and shrubline), although the shrublines are higher than the treelines. It has been suggested that higher leaf N concentrations tend to higher leaf δ 15 N [48, 49] . For instance, from the synthesis of the global patterns of N isotope compositions, a large proportion of the variation in leaf δ 15 N was explained by leaf N concentrations, although only occurring above a mean annual temperature (MAT) of −0.5 • C [11] . In the present study, higher leaf δ 15 N in shrub might be attributed to its higher leaf N concentration (Table 3 ). However, higher leaf N in shrub in dry-temperate did not lead to its higher leaf δ 15 N. This suggests that δ 15 N is species-and site-determined in our study.
Conclusions
Our results showed that leaf δ 15 N and soil δ 15 N were higher in subtropical forest than in dryand wet-temperate forests. Leaf δ 15 N of both treeline and shrubline species in three climate zones decreased with increasing altitude, whereas the response of leaf ∆δ 15 N and soil δ 15 N to altitude varied in different climate zones. δ 15 N values differed between trees and shrubs in different climate zones. Different responses of leaf and soil δ 15 N to altitude indicate the complexity of soil biogeochemical process and N sources uptake along with environmental variations. Higher δ 15 N values in subtropical forest indicate that N cycles are more open in warm regions. The nutrient-related effect can also explain the patterns of δ 15 N, but their effects are species-and site-dependent. Overall, the patterns of N isotopes give insights into understanding the potential climate and edaphic influence on N cycles in high-latitude and high-altitude ecosystems.
